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We present experimental evidence for the existence of a large critical transverse depinning force. 
These results are obtained in the weakly-pinned superconducting metal glasses Fea;Nii_a;Zr2 using 
crossed ac and dc driving currents. We study the depinning force due to the transverse ac drive as a 
function of a longitudinal dc drive. The ac/dc combination allows us to separate the transverse drive 
from the longitudinal one. We show that the force required for depinning in the transverse direction 
is enhanced by a longitudinal drive, which leads to the existence of a large transverse critical force. 



The vortex state of type II superconductors is charac- 
terized by a wealth of interaction phenomena: Whereas 
vortex-vortex repulsion tends to order the system, ther- 
mal fluctuations and pinning from material inhomo- 
geneities introduce disorder in the vortex lattice. This 
sort of competition between ordering and disordering 
makes the vortex state rich in both static and dynamic 
phase transitions, as well as in noncquilibrium phenom- 
ena. While the effect of disorder on the static case has 
been widely studied in the past years [J, [3, 0, 0, 0] the 
driven case has still much to reveal. 

A large number of studies have demonstrated that at 
high driving forces, a disordered system will show order- 
ing (dynamical ordering}^ [p, | j, S [13, EH, 113, [13, H 



IB, [3 113, [il, [Silo, [iiiTid, l23|. Experimentally, the 
crossover to a more ordered vortex phase at large driv- 
ing current is deduced in transport measurements from 
the presence of a peak in the differential resistance [3, [8|] , 
or from a decrease of the low frequency broadband noise 
[23]; an increase of the longitudinal correlation length 
in neutron diffraction experiments has also revealed the 
existence of this dynamical ordering phenomena In 
addition, dynamic ordering was directly observed in mag- 
netic decoration experiments [3, [131. Numerically and 
analytically, the establishment of the existence of such 
dynamical phase transitions and ordering has lead to the 
prediction of the existence of static channels in which the 
vortices flow; these channels may be decoupled, in which 
case the vortex phase obtained is called the moving trans- 
verse glass (MTG) and has smectic order, or they may 
be coupled and one has the moving Bragg glass (MBG). 
It is predicted that these channels act as strong barriers 
against transverse depinning, r esulting in the existence of 

ii[il[i3,[i3,[Iil,[2i|. 
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a finite transverse critical force 
Experimentally, the existence of this critical force has yet 
to be proved, and the vortex channels have only been 
observed in magnetic decoration experiments [3, [131 and 
STM images 

Here we study experimentally the transverse dynamics 
of vortices and demonstrate the existence of a large trans- 
verse critical force. (Experimentally, the critical force is 
equivalent to the depinning force, so we will use the ter- 
minology "critical force" throughout the text to mean 



"depinning force".) We find that for a system driven 
longitudinally with a dc current, application of a small 
transverse force, provided by an ac current, does not re- 
sult in immediate transverse depinning. In some regimes, 
the transverse force required for depinning the vortices in 
the transverse direction is even increased by more than 30 
% with respect to the force required in the longitudinal 
case, thus implying the appearance of very strong bar- 
riers against transverse motion. Numerical studies have 
found the ratio of the critical transverse force over the 
critical longitudinal force -p to be of the order of 1 % 
m, [II HI or 10 % [m. Following Ref.f^T], this ratio 
is expected to increase for weaker pinning. However, fi- 
nite size effects in numerical simulations do not allow for 
studies in the limit of very weak pinning, which is the 
regime of our experiments. Indeed, in our experiments 
the vortex pinning is at least six times smaller and we 

obtain a ratio -p, which can exceed 100%. 

The measurements were performed on different sam- 
ples of the metal glass Fea;Nii_a;Zr2 prepared by melt- 
spinning [23| and which become superconducting below 
about 2.4 K depending on the iron content. These sam- 
ples are particularly clean such that vortices are very 
weakly-pinned, and pinning is isotropic and has no long- 
range order because of the amorphous nature of the sam- 
ples. The samples have a very small critical current den- 
sity (Jc < 0.4 A /cm?'), which means that we can con- 
veniently study the depinning mechanisms using a very 
small driving current without introducing uncertainties 
due to the heating of the sample related to the use of a 
large driving current. The average vortex velocity can 
then be measured from the voltage they produce per- 
pendicular to their motion. These material were found 
to be strong type II low temperature superconductors 



27| from estimates of the different characterizing length 



scales using standard expressions for superconductors in 
the dirty limit [28| . These samples show a variety of 
phases of longitudinal and transverse vortex motion, in- 
cluding a MBG- like phase 27 , [13] , and hence are ideal 
for the study of transverse depinning. 

We proceed by cooling the samples in a He'^ system to a 
temperature below 0.4 K. We use a dc current as the lon- 
gitudinal drive, and a 17 Hz ac current provided by a re- 
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FIG. 1: a) Drawing showing the contact configuration and 
resulting directions of vortex motion, b) Resistance vs mag- 
netic field measured with different lac and Idc- The drawings 
show the trajectory followed by vortices in the three regimes 
of vortex motion. 



sistance bridge as the transverse drive. The resistance is 
measured in the transverse direction with the resistance 
bridge. Indium contacts are soldered to the sample in 
the configuration shown in Fig.([T^). In a magnetic field 
perpendicular to the sample plane, the force exerted on 
the vortices by the dc current Idc applied along the short 
edge of the sample acts in the direction Fdc = Jdc x $, 
such that the vortices move under the action of that force 
along the long edge of the sample. Similarly, because the 
ac current lac is applied along the long edge of the sam- 
ple, the force it provides acts on the vortices in such a 
way that they are oscillating along the direction of the 
short edge of the sample. Therefore, in this configura- 
tion, the channels of vortices are set up by the dc current 
in the longitudinal direction along the long edge of the 
sample, and the transverse force is provided by the ac 
current and directed along the short edge of the sample. 
Evidently, the two sets of contacts used for dc driving 
and ac driving are not perfectly perpendicular to each 
other, and the transverse voltage measured also contains 
a component resulting from the ac component along the 
dc longitudinally driven motion. This contact misalign- 



ment a can be estimated to be of the order of 2° for this 
particular sample and can be excluded following the dis- 
cussion below. In all the figures, the error bars are found 
to be smaller than the size of the dot. 

For instance, in Fig.lljD) we show measurements of 
the transverse ac resistance as a function of magnetic 
field for zero and non-zero longitudinal dc currents. This 
allows us to distinguish three regions corresponding to 
three regimes of vortex motion: Region 1 is character- 
ized by vortices pinned in both directions, as none of 
the currents is strong enough to depin the vortices, lead- 
ing to zero resistance. In Region 2, for a longitudinal 
dc current of Idc — 1-3 mA^ which is above the longi- 
tudinal depinning current of 0.55 mA, we also measure 
an ac resistance, which is due to the small ac compo- 
nent proportional to sin(Q;) along the longitudinal direc- 
tion. In this region, where the depinning is only lon- 
gitudinal, the ac resistance is indeed independent of the 
transverse ac current, clearly demonstrating that the vor- 
tices are pinned in the transverse direction, since depin- 
ning is associated with strong non-linearities. This is in 
stark contrast to region 3, where the ac transverse resis- 
tance depends on the transverse ac current and indicates 
the region where the vortices also start moving in the 
transverse direction. The transverse depinning current 
is then easily identified as the point in field and ac cur- 
rent where the ac resistance depends on the transverse 
ac current. Hence, for a given longitudinal dc drive, the 
pure transverse dynamics can be obtained by subtract- 
ing the contribution due to a very small transverse ac 
current with the same longitudinal dc drive, i.e., sub- 
tracting Rac{{Iac = 0.03mA) -I- {Idc ~ 1.3mA)) from 
Raciilac = 0.3mA) + (Idc = 1.3mA)) in Fig.®. 

Using the methodology described above, we show in 
Fig. the corrected transverse voltage versus the trans- 
verse driving force for different longitudinal dc drives at 
a magnetic field of S = 0.95 T. The arrows in this figure 
indicate the transverse depinning driving force normal- 
ized by the critical longitudinal force (-rf ) for two differ- 
ent longitudinal drives using a voltage cutoff of 10 nV 
as depinning threshold. The critical longitudinal force is 
obtained from the transverse ac depinning current when 
the longitudinal current is set to zero. This is justified 
since our system is isotropic in both directions and this 
choice avoids errors due to the geometrical factor when 
computing the difference in longitudinal and transverse 
current densities. In addition, the longitudinal depin- 
ning currents in the ac and dc driving case are very sim- 
ilar for these systems [l^. From Fig. ([2]) we see that for 
Idc = 0.8 mA the transverse depinning force is slightly 
decreased compared to the longitudinal one, in contrast 
to 1.0 mA < Idc < 1-1 mA, where the transverse de- 
pinning force is increased, with a ratio reaching 1.33. 
Hence, in this range of longitudinal drives, strong bar- 
riers against transverse motion are set up. The overall 
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FIG. 2: Transverse ac voltage versus applied ac force for dif- 
ferent dc driven cases normalized with the critical force in 
the static case. Inset: Drawing showing the direction of the 
applied currents and resulting forces. 



dependance can be interpreted in the following manner: 
for Idc — 0.8 mA, the force provided by this combina- 
tion of magnetic field and current is just strong enough 
to cause depinning in the longitudinal direction, but the 
strength of the barriers created by the channeling effect 
is still too small to cause a strong pinning action in the 
transverse direction. For 0.9 mA < Idc < 1-1 mA, the dc 
force does work very well at restraining transverse vortex 
motion, and the force required to induce transverse de- 
pinning even increases with the dc current (see Fig. ([2])). 
For Idc — 1-3 mA, the ratio of the critical forces starts 
to decay; the decay gets stronger for Idc > 1.5 mA. This 
strong decay is likely due to additional dynamic disor- 
der, which could weaken the barriers against transverse 
vortex motion [2l[ . 

From Fig. ([2]) we extract the evolution of 4 for differ- 
ent transverse cutoff voltages. The results are shown in 
Fig-© for different longitudinal driving currents, where 
the ratio of the critical forces approaches one for trans- 
verse vortex velocities exceeding the longitudinal vortex 
velocities. In fact, we obtain this ratio to be exactly 
one when the transverse force equals approximately ten 
times the longitudinal force (data not shown here). How- 
ever, the fact that this ratio does not reach one right af- 
ter transverse depinning occurs implies that the barriers 
against transverse vortex motion not only delay trans- 
verse depinning, but also constrain transverse vortex mo- 
tion at larger velocities as well. This effect was also ob- 



FIG. 3: Ratio of the critical force in the driven case to that 
in the static case as a function of transverse vortex velocity 
for different dc currents at B = 0.95 T. 



served numerically in Ref.|2ll|. More importantly, this 
figure confirms the criticality of the transverse depinning 
transition observed with the 0.9 mA < Idc <1.5 mA lon- 
gitudinal drives. Indeed, in this regime, extrapolation 

f f 
of 4^ to Vcutoff — determines the critical -j^, which 

Jx , , Jx 

clearly will remain much larger than 0. This can be con- 
trasted with the data for Idc — 0.5 and 0.8 mA for which 
decreases with decreasing cutoff voltage, which could 
indicate that in this regime the transverse pinning is not 
critical. 

In order to illustrate this critical behavior further, we 
choose different cutoff voltages to extract the ratio 4| 
from the data shown in Fig. ^ and plot this as a function 
of the dc longitudinal force as shown in Fig. Q for two dif- 
ferent samples. As mentioned previously, the general be- 
havior observed with increasing dc force is an initial slight 
decrease of followed by a strong increase reaching a 

maximum at fdc — 0.2 x 10^'^ /o where /o is the interac- 
tion force between two vortices separated by a distance A. 
In the region below fx = 0.16 x 10~^fo, the longitudinal 
force is smaller than the longitudinal depinning force, i.e. 
the ratio is dominated by the transverse motion and 

the ratio should therefore be close to one. However, the 

f 

observed small initial decrease of is attributable to the 
small longitudinal dc component in the transverse direc- 
tion due to our small contact misalignment, which now 
helps depinning in the transverse direction. In the peak 
region, 0.16 x lO^^/o < fx < 0.33 x IQ-^fo, the longitudi- 
nal force is now greater than the longitudinal depinning 
force and an important enhancement of the transverse 
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FIG. 4: Ratio of the critical forces in the driven and the static 
case versus the longitudinal do force taken using different cut- 
off voltages for a) a sample of NiZr2 at B=0.95 T (main panel) 
and B=1.05 T (inset) b) a sample of Feo.3Nio.7Zr2 at B=1.05 
T. 



the normalized critical transverse depinning force in our 
experimental weakly pinned system is consistent with the 
numerical study in Ref. | 21|] . where they find the criti- 
cal forces ratio to be larger for weaker pinned simulated 
samples. This increase in critical ratio for a decreas- 
ing longitudinal pinning was attributed to a transverse 
depinning, which is largely independent of the longitu- 
dinal depinning. For a quantitative comparison, we use 



fv^A 



JcX B 



where A is the area of the sample per- 
pendicular to the B field, to obtain the pinning force per 
unit length for our sample. This leads to fp — 0.02/o, 
which means it is 6 times less pinned than the weakest- 
pinned sample simulated in Ref. [2l| . In addition, we ob- 
tain the critical longitudinal depinning force for our sys- 
tem using the V — 10 nV cutoff to be /c = 1 x 10"'* /q, 
which is more than 200 times smaller than the longitu- 
dinal depinning force simulated in Ref. [2T[ . These quan- 
tities confirm the weak-pinning nature of our samples, 
which leads to the very large observed critical transverse 
to longitudinal force ratio. 

We have investigated experimentally the transverse dy- 
namics of a vortex system by measuring the resistance 
developed in a superconductor upon application of an 
ac current in the transverse direction in the presence of 
a dc current in the longitudinal direction. We obtain 
values for the depinning force in the driven case which 
are increased up to 33 % with respect to the depinning 
force in the static case, depending on the dc current used. 
We attribute the large magnitude of the critical force ra- 
tio in the driven and the static cases found here to the 
weak-pinning properties of our samples. We also estab- 
lish that the longitudinal drive suppresses vortex motion 
after transverse depinning such that the vortices still feel 
some transverse pinning at high velocity. 

The authors acknowledge support from FQRNT and 
NSERC. Correspondence and requests for materials 
should be sent to hilke@physics.mcgill.ca 



depinning force is observed. This is also the region de- 
scribed above in which we have a true critical transverse 
force. A strong dependence on the choice of voltage cut- 
off is also observed, which signifies that the effect of the 
longitudinal dc drive is not the same for all transverse 
ac forces. We choose the curve with Vcutoff = 10 nV 
to determine the critical transverse force -tI because, as 
discussed earlier, the criticality of the transverse depin- 
ning transition is determine by the behavior in the limit 
where Vcutoff approaches zero. 

The most striking overall feature is the very large mag- 
nitude of -p measured here (between 0.55 and 1.33), 
when compared to the numerical studies [ll , 13, US] 
(between 0.01 and 0.1). This much larger magnitude of 
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